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Abstract Wheat pre-harvest sprouting (PHS) can

cause significant reduction in yield and end-use

quality of wheat grains in many wheat-growing areas

worldwide. To identify a quantitative trait locus (QTL)

for PHS resistance in wheat, seed dormancy and

sprouting of matured spikes were investigated in a

population of 162 recombinant inbred lines (RILs)

derived from a cross between the white PHS-resistant

Chinese landrace Totoumai A and the white PHS-

susceptible cultivar Siyang 936. Following screening

of 1,125 SSR primers, 236 were found to be

polymorphic between parents, and were used to screen

the mapping population. Both seed dormancy and PHS

of matured spikes were evaluated by the percentage of

germinated kernels under controlled moist conditions.

Twelve SSR markers associated with both PHS and

seed dormancy were located on the long arm of

chromosome 4A. One QTL for both seed dormancy

and PHS resistance was detected on chromosome

4AL. Two SSR markers, Xbarc 170 and Xgwm 397,

are 9.14 cM apart, and flanked the QTL that explained

28.3% of the phenotypic variation for seed dormancy

and 30.6% for PHS resistance. This QTL most likely

contributed to both long seed dormancy period and

enhanced PHS resistance. Therefore, this QTL is most

likely responsible for both seed dormancy and PHS

resistance. The SSR markers linked to the QTL can be

used for marker-assisted selection of PHS-resistant

white wheat cultivars.
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Introduction

Pre-harvest sprouting (PHS), the germination of

kernels in a ripened wheat (Triticum aestivum) spike

before harvesting, can severely reduce yield and end-

use quality of wheat grain, and therefore result in

great economic losses for wheat farmers (Varughese

et al. 1987). Wheat PHS is a major constraint for

wheat production worldwide when a long period
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of wet weather occurs during a harvesting season

(Derera 1989; Sharma et al. 1994). Thus, PHS

resistance is becoming an attractive research topic

and an important breeding objective in wheat-breed-

ing programs worldwide.

Early breakage of seed dormancy has been con-

sidered as the major component of PHS (Mares

1987), and the term PHS resistance is often used

interchangeably with long seed dormancy (Flintham

et al. 2002; Roy et al. 1999; Kulwal et al. 2005;

Derera and Bhatt 1980). It is known that PHS and

seed dormancy are both complex traits that are

determined by genotype together with a large number

of other factors including stage of maturity when the

plant is harvested; environmental conditions includ-

ing both biotic and abiotic stresses after seed

maturation (Walker-Simmonds 1987); spike and

plant morphology (Paterson et al. 1989); and seed

color (Groos et al. 2002; Himi et al. 2002; Nilsson-

Ehle 1914). Seed dormancy is controlled mainly by

the embryo; it is possibly modified by inhibitors

endogenous to the bran (Morris and Paulsen 1988)

and can be measured by a seed-germination test.

However, overall PHS resistance may be affected by

additional factors including substances inhibitory to

germination residing in chaff tissue (Salmon et al.

1986), physical barriers to water penetration in the

spike (Gale 1989), and spike morphology (King

1984). These factors may complicate the procedures

for phenotypic evaluation of PHS resistance.

Molecular mapping has been used to locate QTLs

for both PHS resistance and seed dormancy in several

studies. However, the number and location of QTLs

for PHS resistance and seed dormancy are inconsis-

tent among studies. Using restriction fragment length

polymorphism (RFLP) markers, Anderson et al.

(1993) reported eight genomic regions on chromo-

somes that might affect PHS resistance (Sorrells and

Anderson 1996). Roy et al. (1999) reported that PHS

resistance was governed by two genes located on

chromosome 6B and 7D, respectively. Groos et al.

(2002) reported four QTLs for PHS resistance, and

three of them are associated with grain color on the

long arms of group 3 chromosomes. Flintham et al.

(2002) reported a QTL for PHS resistance on

chromosome 4A using a population developed from

cross of a white to a red wheat cultivar. More recent

studies mapped a major QTL for PHS resistance to

chromosome 3A (Kulwal et al. 2005). As for seed

dormancy, several studies identified a major QTL on

chromosome 4A (Kato et al. 2001; Noda et al. 2002;

Mares et al. 2005; Torada et al. 2005) and two other

studies identified three QTLs with one major QTL on

chromosome 3A and two minor QTLs on chromo-

some 4A and 4B, respectively (Osa et al. 2003; Mori

et al. 2005). Therefore, whether PHS resistance and

seed dormancy are controlled by the same or different

QTLs is still equivocal.

Simultaneous mapping of QTLs for both PHS

resistance and seed dormancy may facilitate further

understanding of the genetic mechanism of PHS

resistance as well as the genetic relationship between

the two traits. It may also facilitate identification of

new sources of PHS resistance for breeding applica-

tions and the development of DNA markers linked to

PHS resistance for marker-assisted selection of PHS-

resistant wheat cultivars. The objectives of our study

were to: (1) identify QTLs for both PHS resistance

and seed dormancy in a Chinese landrace, (2)

elucidate the genetic relationship of the QTLs for

seed dormancy and PHS resistance, and (3) develop

molecular markers suitable for marker-assisted selec-

tion in wheat breeding programs.

Materials and methods

Plant materials

A mapping population of 152 recombinant inbred

lines (RILs) was derived from a cross between the

PHS-resistant parent Totoumai A and the PHS-

susceptible parent Siyang 936 by single-seed decent.

Both parents and their RIL population were evaluated

for seed dormancy and PHS tolerance in Kansas State

University (Manhattan, KS). The experiment was

arranged in a randomized complete block design with

three replications at 22 ± 6�C day/15 ± 2�C night

temperature with supplemented daylight of 16 h in

the greenhouse at Kansas State University. Seed

dormancy and spike spouting experiments were both

repeated once.

Evaluation of seed dormancy and PHS

Pre-harvest sprouting in an intact spike was evaluated

in the spring of 2005 and 2006 by enclosing harvested
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spikes of RILs in a moist chamber set up in a

temperature-controlled growth room at Kansas State

University. When wheat spikes reached physiological

maturity, five spikes per RIL harvested from each

replicate were air-dried for 5 days in the greenhouse,

and then stored at –20�C to maintain dormancy for

PHS evaluation. After all RILs were collected, the

harvested spikes were air-dried again for 2 days in a

greenhouse, then surface-sterilized with 20% bleach

for 20 min, and immersed in de-ionized water for 5 h.

The wet spikes were enclosed in a moist chamber at

22 ± 1�C to facilitate seed germination. High mois-

ture in the chamber was maintained by running a

humidifier for 30 min twice daily. After 7 days of

incubation, the spikes were individually hand

threshed, and the numbers of germinated and non-

germinated kernels in each spike were counted. PHS

resistance was measured as percentage of germinated

kernels in a spike.

Seed dormancy was evaluated in the fall of 2005

and the spring of 2006. To evaluate seed dormancy,

wheat spikes were harvested and air-dried as

described for PHS evaluation. The harvested spikes

were hand threshed. Fifty kernels were surface-

sterilized with 25% bleach, placed on a sterilized

wet filter paper in a Petri dish, and incubated in a

temperature-controlled growth room at 22 ± 1�C.

Germinated kernels were counted daily and removed

after counting. A weighted germination index

(Walker-Simmons 1987) was used to measure seed

dormancy based on the following formula:

Germination index (GI%) = 100 · [(x · n1 + (x–

1) · n2 + ���1 · ni)/total number of grains · total

number of days between seed planting and the end

of the experiment]

Where x is the total number of days between seed

planting and the end of the experiment, n1, n2, ...nx

are the numbers of kernels that germinated on a

specific day i, i is number of days after seed planting

ranging from 1 to x.

SSR analysis

Genomic DNA was isolated from 2-week-old wheat

leaves of each RIL using a modified CTAB method.

Harvested tissue was dried in a freeze dryer (Ther-

moSavant, Holbrook, NY) for 48 h and ground using

a Mixer Mill (MM 300, Rotsch, Germany).

A total of 1,125 SSR primers including BARC,

WMC, GWM, and CFD primers were used to

screen the parents, and the polymorphic primers

were used to screen the RILs. For SSR analysis, a

10-ll PCR mixture contained 40 ng template DNA,

1 mM each of reverse and M13-tailed forward

primers, 0.2 mM of each dNTP, 1X PCR buffer,

2.5 mM MgCl2, and 0.6 U Taq polymerase. For

PCR detection, 1 pmol fluorescence-labeled M13

primer was added to each PCR reaction (Li-Cor,

Lincoln, NE). A touch-town PCR program was used

for PCR amplification, in which the reaction

mixture was incubated at 95�C for 5 min, then for

five cycles of 45 s of denaturing at 95�C, 5 min of

annealing at 68�C with a decrease of 2�C in each

subsequent cycle, and 1 min of extension at 72�C.

For another five cycles, the annealing temperature

started at 58�C for 2 min with a decrease of 2�C for

each subsequent cycle. PCR continued through an

additional 25 cycles of 45 s at 94�C, 2 min at 50�C,

and 1 min at 72�C with a final extension at 72�C

for 5 min. The amplified PCR fragments were

separated in a Li-Cor 4300 DNA analyzer using a

6.5% Gel Matrix (Li-Cor). All marker data were

scored by visual inspection and double checked to

remove ambiguous data.

Genetic map construction and QTL analysis

A genetic linkage map was constructed with SSR

markers using JoinMap version 3.0 (Van Ooijen and

Voorrips 2001). Recombination fractions were con-

verted into centiMorgans (cM) using the Kosambi

function (Kosambi 1944). The threshold value of

LOD (logarithm of odds) score was set at 3.0 to claim

linkage between markers with a maximum fraction of

recombination at 0.4. For QTL analysis, interval

mapping (IM) and composite interval mapping (CIM)

were performed with MapQTL Version 5 (Van

Ooijen 2004). QTL analysis was done on the basis

of line means from individual experiments and from

combined phenotypic data from all experiments.

Permutation tests were performed to estimate appro-

priate thresholds for declaring a significant QTL

(Doerge and Churchill 1996). On the base of 1,000

permutations, LOD at 2.2 was set as the threshold for

declaring a significant QTL. Broad-sense heritability

(h2) was computed as dg
2/(dg

2 + de
2) based on the
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estimates of genetic and error variances derived from

the analysis of variances (SAS Institute, Cary, NC).

Results

Seed dormancy and PHS in parents and RILs

The two parents, Totoumai A and Siyang 936,

showed a significant difference in both seed dor-

mancy and PHS resistance. The mean GI% of

threshed kernels over 2 years was 57.2% for Totou-

mai A and 76.8% for Siyang 936, and mean

germination rate in an un-threshed spike over 2 years

was 33.5% (2006) in Totoumai A and 58.7% in

Siyang 936. These results indicated that Totoumai A

has not only a lower seed germination rate (longer

period of seed dormancy) when threshed kernels were

tested, but also a higher PHS resistance than that of

Siyang 936 when intact spikes were tested. Therefore,

the two parents had significant contrasts in both traits

and were appropriate for this study. The frequency of

PHS resistance and seed dormancy in the RIL

population showed a continuous distribution with a

major peak between the two parents (Fig. 1). The

broad-sense heritability was about 0.87 for seed

dormancy and 0.79 for PHS resistance, indicating that

both traits are highly heritable.

Genetic map construction and QTL mapping

After screening a total of 1,125 SSR primers, 236

showed polymorphism, and were further used to

screen a subset of 94 RILs in the mapping population.

A genetic map was constructed with 196 SSR

markers distributed in 27 linkage groups covering a

genetic distance of 2,139 cM. Genome-wide QTL

scanning detected only one significant QTL each for

seed dormancy and PHS resistance. Both QTLs co-

localized to the same region on the long arm of

chromosome 4A.

A major QTL controlling both seed dormancy and

PHS tolerance

An additional 58 RILs from the same population were

analyzed with the 12 linked SSR markers on

chromosome 4A. The data from all 152 RILs of the

population were combined for further map construc-

tion and QTL analysis. All 12 markers were mapped

to the same linkage group, which covered a genetic

distance of 46 cM. As expected, interval QTL

analysis identified a putative QTL on the same region

of the chromosome 4A for both seed dormancy and

PHS resistance (Fig. 2). Two SSR markers, Xbarc170

and Xgwm397, flanked this QTL within a marker

interval of 9.1 cM. The SSR marker Xbarc 170 alone

explained 26.2% of the phenotypic variation for PHS

resistance and 19.6% of the phenotypic variation for

longer seed dormancy over 2 years. Interval analysis

indicated that this QTL explained 28.3% of the

phenotypic variation for seed dormancy and 30.6%

for PHS resistance based on combined data from

2 years (Table 1).

To evaluate the potential selection efficiency of

marker-assistant selection, two flanking markers for

the 4AL QTL were used to estimate the selection

progress. When a single marker was evaluated, the

group of RILs carrying the resistant allele had a

12% and 13% reduction in seed dormancy, and a

12.7% and 14.3% reduction in PHS compared to the

group carrying the susceptible marker allele in

2 years. If a single marker was selected, the effect

of selection for Xbarc170 was larger than for

Xgwm397 (Table 2), about 8% increase for seed

dormancy and 12% increase for PHS resistance

compared to Xgwm397. When two flanking markers
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Fig. 1 Frequency distribution of percentage of germinated

kernels to reflect seed dormancy and pre-harvest sprouting

(PHS) of wheat recombinant inbred lines (RILs) derived from a

cross of Totoumai A and Siyang 936. SD Seed dormancy as

measured by germination index (GI%). PHS was measured by

seed germination rate (%) of an intact spike after a 7-day

incubation in a moist chamber
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were selected simultaneously, the effect of selection

was larger than that of a single marker—about 15%

increase for both seed dormancy and PHS resistance

compared to selecting for Xbarc170 alone (Table 2).

Discussion

The early breakage of seed dormancy was proposed

as a major cause of PHS (Mares 1987). However, the

QTL mapping evidence from past studies did not

fully support this hypothesis. QTLs for PHS resis-

tance were mapped to chromosomes 2BS (http://mas

wheat.ucdavis.edu/), 3A (Kulwal et al. 2005), 4AL

(Anderson et al. 1993; Flintham et al. 2002; Sorrells

and Anderson 1996) 3B, 5A, 6A, 7B (Zanetti et al.

2000), 1AS, 3BL, 4AL, 5DL and 6BL (Anderson

et al. 1993; Sorrells and Anderson 1996), 6B and 7D

(Roy et al. 1999), 5A and all group 3 chromosomes

(Groos et al. 2002), whereas the major QTLs for seed

dormancy were mapped to chromosomes 4A (Kato

et al. 2001; Noda et al. 2002; Mares et al. 2005;

Torada et al. 2005) and 3A (Osa et al. 2003; Mori

et al. 2005) in several different studies. In the current

study, a major QTL significantly associated with both

seed dormancy and PHS tolerance was identified on

the long arm of chromosome 4A, which agrees with

several previous studies in terms of QTLs for seed

0
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7

LOD
Seed dormancy - 2005 

PHS tolerance - 2005 

Seed dormancy - 2006 

PHS tolerance -2006 

Fig. 2 Interval mapping

(IM) of QTL for long seed

dormancy and PHS

resistance on chromosome

4AL with simple sequence

repeat markers using

phenotypic data from

2 years. The QTL map is on

the top and linkage map is

on the bottom. The broken
line parallel to the X-axis is

the threshold line for the

significant LOD value of

2.2 (P \ 0.05). Genetic

distances are shown in

centiMorgans (cM) below

the linkage map, and

markers are above the

linkage map

Table 1 Closely linked or flanking markers, LOD values, and coefficients of determination (R2) of QTL on chromosome 4AL

estimated in the recombinant inbred lines (RILs) derived from TotoumaiA/Siyan 936. PHS Pre-harvest sprouting

Trait Close or flanking markers Position

(cM)

LOD

2005/2006

R2 (%) Additive value

2005/2006a

2005 2006 Combined

Seed dormancy Xbarc170 13.46 5.94 3.04 7.09 16.8 9.1 19.6 8.20 5.06 6.44

Xgwm397 22.60 3.51 2.69 4.87 10.3 8.1 13.9 6.38 4.74 5.39

Xbarc170/Xgwm397 17.46 6.27 3.54 8.29 22.3 13.1 28.3 9.42 6.05 7.72

PHS tolerance Xbarc170 13.46 5.51 6.65 9.90 15.6 18.7 26.2 7.41 7.75 7.71

Xgwm397 22.60 3.64 5.32 7.14 10.6 15.3 19.7 6.06 6.94 6.63

Xbarc170/Xgwm397 16.46 5.54 7.16 10.11 17.9 23.3 30.6 7.93 8.62 8.30

a QTL parameters derived from combined data from 2005 and 2006
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dormancy (Kato et al. 2001; Noda et al. 2002; Mares

et al. 2005; Torada et al. 2005) and one study in

terms of QTLs for PHS resistance (Flintham et al.

2002). This result further confirmed that seed dor-

mancy is the major component of PHS resistance and

that the QTL on chromosome 4A controls both PHS

resistance and seed dormancy in wheat.

Much effort has been made to elucidate the

number and location of QTLs for either PHS

resistance or seed dormancy. The results from

different studies have been inconsistent. Some studies

indicated multigenic control of PHS resistance

(Anderson et al. 1993; Sorrells and Anderson 1996;

Zanetti et al. 2000), whereas others demonstrated

evidence of oligogenic control (Mares et al. 2005;

Torada et al. 2005). Zanetti et al. (2000) detected

several QTLs with a major effect on PHS resistance

on chromosomes 3B, 5A, 6A, 7B, whereas Anderson

et al. (1993) reported that eight genomic regions on

chromosomes 1AS, 3BL, 4AL, 5DL and 6BL were

associated with PHS tolerance (Sorrells and Ander-

son 1996). Roy et al. (1999) reported that two genes

on chromosomes 6B and 7D were responsible for

PHS resistance. Using a population from a cross

between white and red wheat, Groos et al. (2002)

detected QTLs for PHS resistance on chromosome

5A and all group 3 chromosomes where the kernel

color gene R and taVp1 were previously mapped. An

SSR marker, Xbarc055 on 2BS, has been associated

with a major QTL in Cayuga (http://maswheat.

ucdavis.edu/), which explained at least 32% of the

phenotypic variation for PHS over 3 years. For seed

dormancy, only one major QTL on 4A (Kato et al.

2001; Noda et al. 2002; Mares et al. 2005) or 3A

(Osa et al. 2003; Mori et al. 2005) has been reported.

In this study, we identified one major QTL that only

partly explained the genetic variation for both seed

dormancy and PHS resistance. Obviously, PHS

resistance is most likely controlled by several QTLs,

with at least one of them having a major effect. The

remaining undetected QTLs in this study are due

mainly to the lack of polymorphism in the markers

used, or the lack of available markers closely linked

to other QTLs. Alternatively, the QTL effects were

too small to be detected relative to environmental

effects in this study. Further studies to add other

markers may improve the map resolution to facilitate

identification of other QTLs.

PHS resistance in wheat is a complex trait. Many

factors may affect PHS resistance. Phenotyping

methods and many environmental factors can affect

accurate identification of QTLs for PHS resistance. A

suitable method for phenotypic evaluation is critical

to the successful mapping of QTLs. An improved

method for phenotype evaluation of PHS was

employed in this study. In this study, the numbers

of germinated and non-germinated grains were hand-

threshed and counted for each spike, instead of the

visual scoring on a scale of 1 to 9 used in previous

studies (McMaster and Derera 1976; Roy et al. 1999;

Kulwal et al. 2004, 2005). Germinability, measured

as the percentage germination, was explored to

estimate the degree of PHS. Although this method

is time-consuming, it provides a more objective

measure of sprouting damage in a spike and more

accurate phenotypic data for QTL mapping.

In Asia, white wheat grain is preferred over the red

grain due to consumers’ preference for the white

color of steam bread, noodles and other wheat

products. Therefore, developing white-grained wheat

cultivars in the United States is an attractive measure

to expand marketing potential. However, most white

Table 2 Difference (Dif) in rating of seed dormancy (SD) and PHS as reflected by a percentage of germinated seeds between

resistant (R) and susceptible (S) alleles of two flanking SSR markers for the PHS resistance QTL in chromosome 4AL

Year Trait Xbarc170 Xbarc170 Dif Xgwm397 Xgwm397 Dif Both markers Both markers Dif

R S R S R S

2005 SD 54.84 70.21 15.37 57.54 71.21 13.66 54.68 72.22 17.54

2005 PHS 16.07 30.17 14.11 18.39 30.24 11.85 14.88 30.85 15.96

2006 SD 60.07 70.14 10.08 60.75 70.66 9.91 59.19 70.79 11.60

2006 PHS 25.69 40.32 14.63 27.53 41.35 13.83 25.27 42.36 17.09

Meana SD 57.28 70.26 12.98 59.01 71.03 12.02 56.74 71.62 14.89

Meana PHS 21.00 35.25 14.25 23.08 35.79 12.72 20.20 36.60 16.41

a Data were derived from the mean of 2005 and 2006 experiments
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wheat cultivars are more susceptible to PHS than red

wheat cultivars (Nilsson-Ehle 1914). The association

between PHS and grain color in red wheat may be

due to either a pleiotropic effect of the genes

controlling grain color or to genetic linkage between

seed color genes and the genes affecting PHS (Gale

1989; Watanabe and Ikebata 2000). In this study, two

white parents were used to develop the mapping

population. Totoumai A has a similar level of PHS as

some red PHS-resistant wheat cultivars, and it has

significantly higher PHS resistance and longer seed

dormancy than the sensitive parent Siyang 936.

Therefore, the difference in PHS resistance between

Totoumai A and Siyang 936 excludes the seed color

effect, and the QTL identified in this study can be

used to improve PHS resistance of white wheat

cultivars.

Since PHS is affected by many environmental

factors, phenotyping of PHS is time-consuming and

labor intensive. Marker-assisted selection is a desir-

able approach to developing PHS-resistant cultivars.

The QTL detected in the present study will prove

valuable in marker-assisted selection aimed at

improving the grain quality of wheat in terms of

increased resistance to PHS. The genetic distance

between the QTL identified in this study and its

closest SSR marker, Xbarc170, was about 3.0 cM

(Fig. 2). Xbarc170 should be a good marker for

marker-assisted selection in early breeding generation

to reduce the cost of marker-analysis. However,

selecting for flanking markers may increase selection

accuracy in late generations when the population size

becomes smaller. The markers are also useful for

pyramiding PHS resistance with QTLs from other

sources and as a starting point for fine mapping and

map-based cloning of the major QTL for PHS

resistance.

In this study, a single major QTL for controlling

both PHS resistance and seed dormancy in the

Chinese landrace Totoumai A was detected on

chromosome 4AL. This result provides direct evi-

dence that seed dormancy is the most important

component of PHS resistance in wheat. Markers

linked to the QTL should be valuable for marker-

assisted selection of PHS-resistant wheat cultivars.
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